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ABSTRACT 


Two series of centrifuge tests were carried out to evaluate the use 
of centrifuge modelling as a method of accurate control testing of 
clay liner permeability. The first series used a large 3m radius 
geotechnical centrifuge and the second series used a small 0.5m 
radius machine built specifically for research on clay liners. Two 
permeability cells, which could be easily moved from bench testing 
to the centrifuge, were fabricated in order to provide direct data 
comparisons between the two methods of permeability testing. In 
both cases, the centrifuge method proved to be effective and 
efficient. The centrifuge method was found to be free of both the 
technical difficulties and the leakage risks normally associated 
with laboratory permeability testing of fine grained soils. Two 
materials were tested, a consolidated kaolin clay having an average 
permeability coefficient of 1.2 x 107? m/s and a compacted illite 
clay having an average permeability coefficient of 2.0 x 10° m/s. 
Four additional tests were carried out to demonstrate that the 0.5m 
radius centrifuge could be used for liner performance modelling to 
evaluate factors such as volumetric water content, compaction 
method and density, leachate compatibility and other construction 
effects on liner leakage. The main advantages of centrifuge testing 
of clay liners, either for design or for construction control, are 
rapid and accurate evaluation of hydraulic properties and realistic 
stress modelling for performance evaluations. 
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A: EXECUTIVE SUMMARY 
AeiAbDSitract 


Experience with commercial testing of clay liner samples for 
permeability evaluation has shown that standard laboratory 
permeability tests are subject to leakage problems which can effect 
the order of magnitude of the results. Furthermore, these tests 
typically take a week or more to complete and are, therefore, 
inadequate as field control tests. Physical modelling of various 
geo-environmental problems in a geotechnical centrifuge was 
initiated at Queen's University, Civil Engineering Department, in 
1988 and it became apparent that the behaviour of clay liners was 
one of the problems for which centrifuge modelling was well suited. 
A dedicated 0.5m radius centrifuge was constructed, principally for 
long term behavioural studies of clay liners but which could also 
be used for control testing. 


A brief review of liner permeability testing methods and the 
inherent problems with these methods is presented. The dimensional 
Similitude associated with centrifuge liner modelling and the 
accelerated real time benefits are also briefly discussed. At a 
scale factor of 100, for example, one hour of centrifuge modelling 
is approximately equivalent to one year of prototype liner 
performance. 


The test results are presented in three phases. The first test 
phase used commercial Kaolin clay samples prepared by consolidation 
into a specially designed permeability apparatus. This apparatus 
was designed for both laboratory and centrifuge operation and 
allowed a direct comparison of the two methods. The centrifuge 
method was found to be efficient and reliable. The second phase of 
research used a highly impervious compacted clay liner material and 
a methodology for accurate clay liner control testing in the 
centrifuge was developed. The third phase of testing was carried 
out to examine some longer term permeability variations in 
compacted liners as a preliminary evaluation of the usefulness of 
the 0.5 m radius centrifuge for liner performance modelling. 


The results of this research shows that a geotechnical centrifuge 
can be used to provide accurate control testing for clay liner 
permeability. The 0.5m radius centrifuge can be constructed for 
about $10K and is sufficiently mobile for field operations. It can 
provide a one day result in most practical cases of clay liner 
permeability testing. 


A.2 General Introduction 


A number of researchers and consultants have had experience with 
clay liner permeability testing in the laboratory and in the field 
and the general concensus appears to be that traditional methods of 
liner leakage testing are wrought with problems (see for examples, 
Chapuis, 1990a, 1990b; Quigley, 1990; Mitchell, 1990). Leakage 
errors in the testing apparatus and the long time required to 
obtain a satisfactory test result are the two major concerns in 
laboratory control testing. Field testing is not very useful for 
hydraulic conductivities less than 107” m/s. A geotechnical 
centrifuge offers an alternative, relatively rapid and problem 
free, method of evaluating clay liner leakage. The major problem 
with using centrifuge models as a primary means of commercial liner 
permeability testing has been the limited availability of 
geotechnical centrifuges in Ontario. To correct this problem, the 
author has developed a 0.5m radius centrifuge which can be used for 
mobile testing. This report presents the results of liner leakage 
testing carried out in this centrifuge. A complete test 
specification’ for accurate, control testing of ..clay.. Limes 
permeability has been developed from this research and is contained 
in Appendix C. 


A.3 Test procedures and Results 


The research is divided into three phases. 

Phase 1 research was conducted in the 0.5m radius centrifuge using 
a consolidated commercial white Kaolin clay purchased from Georgia 
Kaolin Company. The clay was mixed at 100% water content (by dry 
weight) and consolidated into the permeability testing apparatus. 
Detailed test procedures are contained in Appendix B.1. The purpose 
of phase 1 research was to carry out a sufficient number of bench 
permeability and centrifuge permeability tests on saturated uniform 
clay samples to determine whether the two methods give similar 
results. Phase 1 test results are presented in the following 
section. 


Phase 2 research was carried out in the Queen's University 3m 
radius geotechnical centrifuge and was actually completed prior to 
the initiation of this contract work. The purpose of phase 2 
research was to compare the results of triaxial permeability tests 
on a relatively impervious compacted clay to liner leakage model 
testing in a moderate sized geotechnical centrifuge. 


Phase 3 research used the same relatively impervious clay, 
compacted at various moisture contents, to carry out a preliminary 
evaluation of the 0.5m radius centrifuge for use in modelling the 
long term field performance of clay liners. Detailed test 
procedures for phases 2 and 3 are contained in Appendices B.2 and 
B.3, respectively, and the results are presented in Sections B.2 
and Bis) of this report: 


Appendix D contains all of the laboratory data from tests carried 
out under this contract and Section C of this report provides 
detailed conclusions and recommendations. 
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B: TEST METHODS AND RESULTS 


B.1: PHASE 1-Evaluation of Centrifuge Liner Permeability Testing 
Biol i “introduction 


Most methods of measuring permeability of soils involve potential 
variations and errors. Variations develop in the preparation of 
most soil samples and errors result from equipment leakages. To 
carry out a meaningful statistical evaluation of the centrifuge 
method of clay liner permeability it was necessary to develop a 
leak-proof permeability apparatus in which both bench and 
centrifuge permeability tests could be carried out under similar 
conditions on the same samples of a uniform and reproducable clay 
soil. A saturated consolidated commercial kaolin clay was selected, 
due to both uniformity and order of magnitude of permeability, as 
the most suitable clay material. The centrifuge liner leakage model 
apparatus developed earlier at Queen's University was modified to 
form the needed permeability apparatus. All phase 1 testing was 
carried out in the 0.5m radius centrifuge. 


B.1.2 Bench Permeability Tests 


Detailed procedures for preparing the kaolin material for bench 
permeability testing and details of the permeability apparatus are 
contained in Appendix B.1. It is noted that clay samples being 
tested had been preconsolidated to 250 kPa and that the sample is 
surrounded by a silicon rubber membrane and a silicon oil pressure 
seal of 100 kPa during testing to prevent any possibility of 
leakage. The hydraulic head applied across the 50 mm thick samples 
was 50 kPa, creating a nominal gradient of 102 and a seepage 
pressure of about 50 kPa. Over the course of three months, a total 
of 16 tests were carried out according to the schedule contained in 
Appendix D. Appendix D also contains the laboratory data sheets 
from these tests. 


B.1.3 Centrifuge Permeability Tests 


Appendix B.1 outlines the procedure for doing a centrifuge 
permeability test on each sample following the bench permeability 
test. The samples remained in the permeability apparatus during 
transfer from bench to centrifuge and the boundary stress 
conditions were similar in each test. The centrifuge induced 
hydraulic gradient across the sample, however, is 163 and the 
seepage pressure is 80 kPa. Thus the flow rate in the centrifuge is 
about 1.6 times faster than in the bench test. Never-the-less, the 
test conditions in both methods are considered closely similar. The 
test time in the centrifuge was about 3 to 4 hours compared with 6 
to 8 hours in the bench tests. The mass of water in the catchment 
container was measured after one hour of spinning and again at the 
end of the test. The one hour check point served the purpose of 
determining whether any consolidation or other "initial phenomenon" 
were taking place in the centrifuge. In most cases the N hour mass 


transfer was very close to N times the one hour mass transfer. The 
transfer rate was calculated, for each test sample, in cc/min and 
the centrifuge permeability was calculated as 


K = 3.607 X 10 © (cc/min) Tc m/s (1) 


where Tc is the temperature correction factor obtained from 
Appendix C. 


B.1.4 Test Results 


Figure 1, Appendix A, shows typical volume change vs. time 
relations for several of the bench tests and the data is summarized 
on Table 1, Appendix A. It can be noted that the earliest samples, 
KP 1 to 4 showed relatively high permeabilities because the 
preconsolidation pressure was below the desired level of 250 kPa. 
These samples also gave apparent permeabilities from the centrifuge 
method which are 1.3 to 1.8 times higher than the bench test. This 
is due, now doubt, to consolidation under the simulated 
gravitational stresses induced in the centrifuge. In this case that 
stress is given by 


otv = zOgi + izOw (2) 


where z is the sample thickness 

is the gravitational constant 

is the sample density 

is the scale factor (a/g) 

is the induced hydraulic gradient 
is the density of water 


Zh OW 


ry 
J) 


the value of a!v in the centrifuge model is then calculated to be 
about 120 kPa. The applied confining stress in the early test was 
80 kPa and this would also have contributed to sample 
consolidation. Subsequent samples were all consolidated to a 
vertical effective stress, otv, of 250 kPa and a confining stress 
of 100 kPa was used in subsequent tests. It can be seen from Table 
1 that subsequent tests (samples KP5 to KP16) provided a fairly 
consistent set of permeability data. All test data was plotted, as 
in Figure 1, to obtain the best fit slope of the line, giving the 
flow rate (cc/min), and the permeability was calculated as 


R= "5io774 1 tx tone (ce/min)i fe m/s (3) 


where Tc is the relevent temperature correction factor as tabulated 
in Appendix C. 


It is important to note that compacted liner samples would be more 
dense than these consolidated samples such that there would be no 
consolidation during centrifuge permeabilty tests on compacted 
samples. 


The data on Table 1 represents an attempt to evaluate the 
statistical significance of permeability tests. Since the samples 
varied somewhat in density (likely due to small variations in the 
mixing and preconsolidation procedures), however, it may not be 
appropriate to consider these data as a statistical set of 
identical samples. It is, however, useful to compare the mean and 
deviation of each test method. The means and standard deviations 
(assuming a normal distribution) are as follows: 


Test method Mean kK m/s Std. deviation 
Bench test rion Se Von 0222 %01087 
Centrifuge test 1:16 X7107 0257 Se wer? 


If tests KP1 to KP4 are eliminated on the grounds that sample 
consolidation might have effected the results, the results are as 
follows: 





Test method Mean K m/s Std. deviation 
Bench test 1:15 X%107 O forex 0% 
Centrifuge test 20 XL 0 0 109% "10% 


—_—_—_——SSSSSSSSSSSSSSSSSSSSSSSSSSSsSSSSSSMSMMMSFMMMMMsMMHFHeeFsFs 


These data indicate that, for these consolidated samples, the 
centrifuge test gives a marginally higher value of permeability and 
a Similar variance as the bench test. Of much greater significance, 
of course, is the conclusion that the 0.5m centrifuge can be used 
effectively and efficiently to evaluate the permeability 
coefficient (hydraulic conductivity) of a consolidated clay 
material. 


B.2: PHASE 2-Control Leakage Testing of a Compacted Clay Liner 


BL2-2” “introduction 


Geotechnical consultants are faced with the task of evaluation clay 
liner leakage by control testing of compacted materials having 
hydraulic conductivities as low as 10711 m/s. Standard methods for 
such control testing include falling head permeability testing on 
a sample compacted in a mold and triaxial constant head 
permeability testing. Edge leakage in the former and membrane or 
connection leakages in the latter of these tests can be a 
significant problem. For example, at k = 1071+ m/s, an hydraulic 
gradient of 25 would produce less than 0.5 cc/day of flow through 
a 50 mm diameter triaxial sample. This is about equal to the 
membrane leakage in ordinary triaxial testing and, thus, special 
methods must be used to reduce membrane leakage. The need to 
backpressure during laboratory premeability testing, in order to 
ensure sample saturation, increases the risk of leakage and renders 
test results suspect. Even if all leakage is eliminated, a typical 
test takes one to two weeks to complete; hence control testing lags 
behind: construction. This makes remedial action more costly if the 
results do not meet the specifications. There is, clearly, a need 
to develop standards for liner leakage evaluation and to study new 
methods of performing more accurate and less time consuming liner 
control testing. A geotechnical centrifuge model test procedure 
offers one possible solution to the current problems of leakage 
evaluation with very low permeability clay liners. 


B.2.2 Triaxial Permeability Tests 


Either laboratory compacted or field compacted liner materials can 
be trimmed and fitted into a standard triaxial cell equipped with 
back pressured burette systems for carrying out permeability 
testing. The earliest of such systems is described in Bishop and 
Henkel (1962) and the latest of such systems, equipped with 
electronic monitoring, are found in the better commercial 
laboratories. The test procedure is briefly outlined in Appendix 
B.2. Figure B.5, Appendix B, shows a typical experimental 
arrangement. All of these systems share the common problem of 
leakage. There are two valves, six line connections outside the 
cell and two line connections inside the cell of a typical back 
pressured permeability testing arrangement - all are potential 
leakage locations. The highest probability of connection leakage, 
however, is associated with the drainage connection inside the cell 
which must be disconnected and connected each time a new sample is 
installed. 


Membrane leakage and, despite tight O-ring seals, leakage between 
the membrane and the end platens is a second source of leakage. 
When doing permeability testing it has become fairly standard 
practice to use double membranes with a thick smear of silicon 
grease between these. This does not solve the membrane-platen 


leakage problem. 


The final problem with the triaxial permeability test for use in 
liner control testing is the long time required to obtain an 
experimental result. If control samples are taken from a liner as 
it is being compacted in the field, the contractor would like to 
know immediately whether the design criterion is being met. To have 
to wait two weeks for a control test result makes day to day 
decision making most difficult. In addition, it is difficult to 
know whether variations in control test results are due to 
variations in materials or methods or are due to problems with the 
test procedure. 


B.2.3 Triaxial Test Results 


In order to evaluate the use of triaxial permeability testing, a 
geotechnical laboratory technician with ten years of experience at 
soils testing was asked to compact and carry out double membraned 
back pressured permeability testing on a local illite clay 
material. A Standard Proctor compaction test on this clay gave a 
ary density of 1.37 g/cc at an optimum water content of 35.5%. The 
material was stored at this water content and was subjected to 
Standard Proctor compaction to form samples which were subsequently 
trimmed for permeability testing. After testing the used materials 
were remixed with the original batch and stored for further 
testing. Two triaxial cells with back pressured systems were newly 
assembled, platens were polished and leakage testing of the systems 
was carried out before the permeability testing was begun. In 
total, six acceptable tests were carried out over a two month 
period. This is an average of less than two tests per cell-month, 
mainly because the system required considerable attention and 
repair during that time period. 


The results of the triaxial permeability testing are contained in 
Table 2 of Appendix A. All samples for which results are tabulated 
were backpressured to 300 kPa and subjected to an hydraulic 
gradient of 40. This laboratory testing was carried out at 20°C. 
From the data it is estimated that the mean permeability value is 
close to 2.3 x 107++ m/s with individual test values from 0.3 to 1.3 
times the average value. For material evaluation, this data seems 
reasonably acceptable although the scatter is quite significant. 


Looking more closely at some of the data creates causes for 
concern. Figure 2 shows the data from three tests. Test LPTX1 was 
started after 24 hours under a 200 kPa backpressure. Because the 
data points from the inflow and outflow burettes appear to 
correspond closely, it is very surprising to learn that, in fact, 
both burettes appeared to be delivering water into the sample (i.e. 
the outflow burettes differentials are negative). Is it possible 
that considerable air was trapped in the system and it takes more 
than eight days to entrain this air at a back pressure of 200 kPa? 
Or, alternatively, is it more likely that the outflow system was 
leaking at some connection? Water could not be observed at any 
connections but, at this slow leakage rate, evaporation could steal 


the evidence. Who knows? 


Test LPTX6 on Figure 2 appears to be one of the better tests 
because it gives a balanced result. In all tests, the idea of 
independent measurement of inflow and outflow is to try and 
delineate the effects of leakage. In our tests the outflow burette 
usually indicated a higher flow rate than the inflow. Is the 
outflow erroneously high due to inside connection or membrane 
leakage? Is the inflow erroneously low due to air entrainment or 
membrane leakage? Does the average flow rate of 0.12 cc/day really 
represent the material permeability? If it does, how are the 
results of test LPTX2 and LPTX5 explained? Can there really be that 
much permeability variation or preparation variability in this 
fairly homogeneous remoulded material or did these tests suffer 
from leakage problems? Clearly there are more questions than 
answers when one examines the data from triaxial permeability 
testing. It is also clear that the confidence level in the result 
from a single control test would not be very high. 


B.2.4 Centrifuge Liner Leakage Models 


A prototype clay liner will be overlain by landfill materials which 
may become saturated with liquids and, over a long period of time, 
liner leakage may occur. This worse case condition (or any other 
operational condition) can be modelled in the geotechnical 
centrifuge. The total and effective stresses at all similar points 
in the model and prototype liners will be identical but the 
hydraulic gradient across the model liner will be increased by the 
modelling scale factor. If, for example, a prototype liner of 2m 
thickness is supporting an overlying head of water of 20 m, the 
hydraulic gradient is 10. If a model is designed at a scale factor 
of = 35,.the 57 mm thick model would then have an hydraulic 
gradient of 350 and one day of testing in the centrifuge at À = 35 
would produce 12 days or 3.35 years of prototype per unit area 
leakage. The major assumption in this type of modelling is that the 
same physical phenomenon will take place at gradients of 10 and 
2590482) is known that Darcy's. Law, v = ki, is not* rigorously 
applicable to all flow through porous media and that the flow may 
be accelerated by large gradients, particularly in coarse grained 
soils. In fine grained soils it is unlikely that the error will be 
Significant (Goodings, 1985). 


The procedure for centrifuge testing is briefly outlined in 
Appendix B.2. Figure B.7 shows the apparatus developed for liner 
modelling. The liner model is nominally 50 mm thick, and is trimmed 
to fit snuggly in a double thickness membrane encased perspex ring. 
The overlying landfill materials are simulated by a known mass of 
lead shot overlying a porous plastic disk placed on the top of the 
liner model. Double thickness filter paper and a porous stone 
underly the model. Stand pipe arrangements are used to create the 
water pressure and the confining pressure, which both increase as 
the simulated gravitational force increase in flight. The confining 
pressure is maintained at 35 kPa above the water pressure in order 
to effect a tight contact between the liner model and the rubber 


membrane. 


Prior to carrying out a liner leakage model test, the model is 
conditioned in-flight and any water extruded under this 
conditioning process is removed from the catchment container prior 
to the liner permeability test run. A model with C, = 0.3 m*/yr 
would require approximately 20 hours of complete primary 
consolidation in the laboratory but the process is speeded up by a 
factor À? in the centrifuge. At À = 35 it requires only a few 
minutes to complete primary consolidation. Never-the-less, models 
were conditioned in-flight for 30 to 60 minutes before liner 
leakage model testing. Table B.1, Appendix B, lists the conditions 
under which the liner leakage model tests presented in this paper 
were carried out. 


Liner leakage model tests were carried out over periods varying 
from five hours to ten hours. During some tests the centrifuge was 
stopped every two hours to check the mass transfer of water by 
weighing the catchment container (+0.005 g). Mass transfer 
quantities were in the order of 0.1 g/hr and the variance found 
during the two hour interval tests was generally less than 20%. 
Table 3,Appendix A, shows the data from all of the centrifuge liner 
leakage model tests carried out. With two identical model 
containers mounted in the same centrifuge strongbox it was possible 
to complete two model tests per day. 


The average leakage rate, from the data on Table 3, is 0.10 cc/hr 
with a maximum individual test variance of 20%. The water 
temperature in the liner model apparatus increased 2.5° C above the 
constant laboratory temperatures of 20° during the first hour or 
two of spinning at 108 RPM and then remained constant throughout 
the remainder of the test. The calculated coefficient of 
permeability, from the average leakage rate is 2.2 x 10711 m/s. With 
standard temperature correction, the hydraulic conductivity is 
estimated to be 2.0 X 10711 m/s. This average is remarkably close 
to the average from the triaxial permeability testing but the 
centrifuge data is much more consistent then the triaxial, 
providing some confidence in individual liner control tests carried 
out by centrifuge modelling. 


Beis Conclusions 


From the test data reported, it is concluded the centrifuge model 
liner leakage testing gives more consistent results for a low 
permeability compacted soil than triaxial permeability testing. The 
latter testing is subject to both -technical difficulties "re 
leakage risks. It is tentatively concluded that a centrifuge liner 
leakage model can provide realistic liner performance evaluation 
and that the hydraulic conductivity obtained from such a model will 
be closely similar to the average values found from good quality 
triaxial permeability testing. 
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The main advantages of centrifuge liner leakage models are: 

(1) Realistic modelling of stress conditions in the liner so that 
theltrisks of. consolidation or: hydraulic \fracturing.during 
testing are eliminated 


(2) Elimination of connection leakage provides more consistent 
results. 

(Sn, Rapid evaluation for control testing during liner 
construction. 


(4) Greater flexibility and potential for modelling liner 
performance evaluations. 


A standard strongbox for model testing on the Queen's geotechnical 
centrifuge can accommodate up to four liner model containers. Both 
ends of the radius arm are capable of carrying strong boxes. 
Therefore, eight liner leakage model control tests can be carried 
out in one day. This would reduce the cost of each centrifuge liner 
permeability model to less than the cost of a triaxial permeability 
test. Centrifuge modelling can be a cost-effective metod of 
evaluating clay liner permeability. 
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B.3: PHASE 3 - Preliminary Evaluation of Field Performance 


B.3.1- Introducteien 


Clay liners are compacted in the field at a specified (or achieved) 
water content. There will be field variations in leakage rates and 
other performance factors due to variations in compaction water 
content and compaction effort. It is important to recognize and 
evaluate these variations. If field samples are back pressure prior 
to permeability testing, these variations will be at least 
partially eradicated. A geotechnical centrifuge offers the 
alternative of field evaluations of samples obtained as compacted. 
In order to demonstrate the possible variations, four samples of 
the relatively impervious illitic clay were compacted, two at 30% 
water content and two at 40% water content, and subjected to liner 
leakage modelling in the 0.5m radius centrifuge. 


B.3.2 Test Methodology 


Compacted clay samples were mounted in the liner leakage modelling 
apparatus (Figure B.7) with an applied surcharge of 3cm of lead 
shot. Testing was carried out according to the procedure described 
in Appendix C. The relevant conditions were: oil pressure surcharge 
of 50 kPa and centrifuge speed of 300 rpm giving a scale factor of 
40 and a head pressure of 60.5 kPa. The models represented 
prototype liners of 40(0.05) = 2m thickness with an overlying 
saturated fill material of 6.2m thickness and 1.33t/m° dry density. 
Measurements of water inflow and water outflow were taken every 
hour over the course of six to eight hours of modelling. At this 
scale factor of 40, eight hours of modelling represents about 1.5 
years of prototype leakage. Inflow water was gauged by the mass of 
water required to refill the reservoirs at each test interval. 


B.8-.3,. Test-resUules 


The data from tests CC 1/2 and CC 3/4 are included in Appendix D 
and the results are shown graphically in Figure 3, Appendix A. 
Figure 3 shows inflow and outflow rates against real time. The 
model leakage rate (cc/hr) is multiplied by an area factor, 24,000 
L728. Sate 1087) — 136 to obtain a prototype leakage rate in 
litres/m?.day. It is noted that the leakage rate predicted from 
models CC 3/4 is fairly constant with time and that the inflow is 
esentially equal to the outflow. This is indicative of a saturated 
sample. Models CC 1/2 were not saturated but the data indicates 
that the degree of saturation, hence the leakage rate, increased 
throughout the model test. There is a significant difference 
between the leakage rates associated with two compaction water 
contents for two reasons: the increased water content produced, for 
the same Standard Proctor compaction effort, a decreased density 
and increased saturation. Both of these changes produce greater 
leakage. These results demonstrate the importance of adequate field 
control of placement conditions. 
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B.3.4 Discussion and Conclusions 


The results of four tests carried out as Phase 3 of this research 
demonstrate quite clearly that taking field samples to a laboratory 
for standard back pressured permeability testing may not yield 
correct leakage evaluations. The alternative of laboratory or field 
control testing using a dedicated centrifuge would provide more 
rapid and more realistic evaluations. Centrifuge liner modelling 
would also facilitate the evaluation of contaminant migration 
through clay liners. 


C: SUMMARY CONCLUSIONS AND RECOMMENDATIONS 


C.1 General Summary 


The research reported under this contract is divided into three 
phases - a statistical evaluation of centrifuge liner permeability 
testing; a comparison of triaxial permeability testing and 
centrifuge liner leakage modelling; a preliminary evaluation of 
liner performance modelling. The 0.5m centrifuge, developed 
specifically for clay liner modelling, is described for the first 
time in this report. Clearly this work has shown that this 
centrifuge is an effective and efficient tool for clay liner 
permeability (leakage) evaluation. The work also indicates quite 
strongly that there may be significant differences between liner 
performance predictions from back pressured triaxial testing and 
actual compacted prototype liner performance. Equipment and a 
specification for clay liner permeability testing in a geotechnical 
centrifuge have been developed. 


C.2 General Conclusions 


The reported comparative testing and evaluations have produced the 
following conclusions: 


(1) The 0.5m radius centrifuge is an efficient and 
effective tool for measuring the permeability of 
stiff clay samples. 


(2) The use of the centrifuge for clay liner leakage 
evaluation offers the advantages of accuracy, speed 
and ease of operation. The 0.5m radius centrifuge is 
self-contained and sufficiently mobile to be used in 
the field. 
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(3) Centrifuge modelling of liner performance offers the 
further advantage of correctly modelling the 
prototype effective stress regime throughout the 
liner history so that other factors which may affect 
performance (contaminants, etc) can be studied under 
these stress conditions. 


Centrifuge modelling can, no doubt, contribute further to the very 
important task of evaluating the long term performance of compacted 
clay liners using accelerated modelling techniques. 


C.3 Recommendations 


It is recommended that the 0.5m centrifuge be further evaluated as 
a method of liner permeability testing by using it on a field site 
in parallel with current methods. It is also recommended that the 
research potential of centrifuge liner performance modelling be 
further supported with the longer term goal of using this tool to 
study the effects of various contaminants on liner performance for 
various clay types. 
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Appendix A Tables and Figures 
A.1 Tables 1 to 3 
A.2 


Figures 1 to 3 
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TABLE 1 


Saturated 
density 
g/cc 


182 
1581 
1.84 
1.88 
191 
1.90 
1299 
187 
190 
1.86 
187 
1592 
1.88 
OZ 
1.86 
15:89 


— PHASE 1 TEST RESULTS SUMMARY 





BENCH TEST 
test hydraulic 
time conductivity 
min. m/s x 10 
450 1.46 
450 1-69 
810 110 
810 135 
480 Te 
480 ake 
420 O;- 

420 abe 
420 ie 
420 lee 
450 qe 
450 ake 
1100 alse 
1100 1 
465 IL 

1 
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Test Test Inflowc £ Average Hydraulic 
Designation time c/day flow conductivity 
(days) cc/day k = m/s 








TABLE 2 - PHASE 2 TRIAXIAL RESULTS 


Test Designation Test time (hours) Leakage rate Hydraulic 
(cc/hr) conductivity 








TABLE 3 - PHASE 2 CENTRIFUGE RESULTS 


flow (cc) 
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Test No Symbol 
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FIGURE 1 - TYPICAL FLOW RATES IN BENCH TESTS 
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FIGURE 2 - TYPICAL TRIAXIAL PERMEABILITY DATA 
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leakage rate (1/m?.4) 


100 


80 
= dry compacted liner inflow 
40 
wet compacted 
liner leakage 
20 
0 


time (yrs) 


FIGURE 3 - PHASE 3 COMPACTED LINER LEAKAGE DATA 
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Test Procedures 

Phase 1: Permeability Measurement 

in the Centrifuge 

Phase 2: Triaxial vs. Centrifuge 
Measurements of Liner Leakage 

Phase 3: Long Term Liner Performance 
Measurement in the 0.5m Centrifuge 
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B.1 - Phase 1: Permeability measurement in the centrifuge 


Purpose - to demonstrate that the 0.5m centrifuge can be used 
to make accurate permeability measurements on a saturated 
preconsolidated clay. 


Apparatus and test procedure - Phase 1 tests were carried out 
as duplicate pairs and the apparatus shown on Figure B.1 is 

one of the pair used to carry out the Phase 1 testing as 
follows: 


Step 1 - a 1mm thick silicon rubber membrane is placed on the 


Step 


Step 


Step 


Step 


sample container ring and the pressure cavity is wetted 
with silicon oil and subsequently evacuated such that 
the membrane is tightly held to the perspex ring. 


- the base plate, container ring, consolidation 
extension (lightly coated with silicon grease) and 
collar are assembled and a thin porous geotextile disk 
is placed above the base porous stone (previously 
deaired). 


- previously mixed Kaolin clay slurry at w = 100% is 
used to fill the sample ring and extension to the 
desired level and a porous geotextile disk and porous 
stone are placed on the poured sample. The poured 
sample is shown in Figure B.2. 


- a mass hanger assembly is used to consolidate the 
clay slurry, over a four day period, to a vertical 
stress level of 250 kPa. At this stress level, the 
consolidated sample is nominally 55mm in height and is 
mainly contained within the sample container ring. 


- after removal of the mass hanger and consolidation 
extension, the sample is trimmed to 50mm in height and 
a filter paper and top plate is placed on the sample 
and tightened onto the container ring. The outflow 
catchment container is fixed to the base plate drainage 
port. An inflow burette is attached to the top plate 
port and a bench permeability test is carried out. 
During the test the silicon oil pressure in the 
pressure cavity (the confining pressure) is maintained 
at the estimated at rest lateral pressure of 100 kPa 
and a head presure of 50 kPa is used to create water 
flow through the samples (50 kPa gives an hydraulic 
gradient of approximately 100 across the sample). The 
laboratory bench permeability test was carried out over 
time periods of up to 8 hours, with burette readings 
at appropriate time intervals. The bench tests are 
shown on Figure B.3. The mass of water in the outflow 
catchment containers is measured at the end of the 
tests. 
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Step 6 - following the bench permeability tests, the two 
samples are mounted in the centrifuge. Figure B.4 shows 
a sample container in the centrifuge. To move from the 
bench permeability tests to the centrifuge requires the 
disconnection and reconnection of the water pressure 
supplies. Pressures in the centrifuge are supplied by 
the centrifugal forces acting on fluid columns (note 
that the columns are horizontal, aligned with the 
direction of the simulated gravitational forces). 
Testing was carried out at 300 rpm, giving a simulated 
acceleration at mid-sample level of 40 gravities and 
a head pressure of 61.3 kPa (hydraulic gradient = 125 
+). = 165). A rubber bladder contained in the centrifuge 
beam maintained an air pressure of 50 kPa on the 
silicon oil column such that the confining pressure, at 
300 rpm was 100 kPa. The centrifuge speed was 
maintained at 300 rpm for a period of between two and 
four hours. At the end of the test run, the outflow 
catchment container was weighed to obtain the mass of 
the drainage water. 


It is important to note that there are no potential 

sources of water leakage between the top of the sample 

and the outflow catchment container such that all water 
found in that container passed out of the clay sample. 

The clay sample was weighed at the end of the centrifuge test 
and the phase properties were determined. Detailed procedures 
for conducting a liner permeability test in the 0.5m 
centrifuge are given in Appendix C. 


B.2 - Phase 2: Traxial vs. centrifuge measurements of 
liner leakage 


Purpose - to compare centrifuge liner leakage evaluations 
with data from conventional traxial permeability tests. 


Triaxial apparatus and test method - Phase 2 tests were 
carried out in pairs using a compacted natural clay 


material. Two standard traxial permeability test cells 
(see Figure B.5) and standard procedures were used to 
carry out the traxial permeability tests (see, for 
example, Bishop and Henkel, 1962). These tests required 
several days due to the very low permeability of the 
compacted materials. A brief description of the procedure 
follows: 


Step 1 - the clay liner material was subjected to 
standard Proctor compaction at its optimum water 
content of 35.5%. Test samples were trimmed to the 
standard 50 mm diameter by 60 mm in height and were 
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mounted in the traxial permeability apparatus. The 
samples were consolidated and back pressured for 24 
hours under a cell pressure of 450 kPa and a back 
pressure of 300 kPa. 


Step 2-- after 24 hours the back pressure was lowered by 
10 kPa and the head pressure was increased by 10 kPa to 
create an hydraulic gradient of about 40 across the 
sample. These conditions were maintained for eight to 
ten days, during which time both the inflow burette 
(under head pressure) and outflow burette (under back 
pressure) were read two or three times per day. 
Permeability values were calculated from the average 
flow rate (inflow rate + outflow rate)/2, providing 
these were closely similar (indicating that joint or 
membrane leakage was unlikely). 


Step 3 - test samples were removed and subjected to 
moisture content and density determinations. 


Centrifuge testing procedure - Phase 2 centrifuge tests were 
carried out in Queen's University 3m radius centrifuge (see 


Figure B.6). Samples were trimmed, from compacted clay, at 
35.5% water content, to 60 mm diameter by 50 mm height and 
were placed in the centrifuge liner leakage containers (see 
Figure B.7). Both containers were mounted on one end of the 
radius arm and balance masses were placed on the other end. 
Water and silicon oil pressures were provided by radial 
columns so that the stress conditions on the samples were as 
noted on Table B.1. The samples were accelerated at 35g for 
between 6 and 8 hours at which time the mass of water in the 
catchment containers was determined by weighing to + 0.005g. 
The permeability is calculated and corrected for temperature. 
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General Conditions: 


Model liner dimensions: diameter = 61 mm, height = 48 mm 
Model scale factor À = 35 obtained at 108 RPM 

Prototype liner thickmess = \(48 mm) = 1.7 m 

Induced hydraulic gradient in model = 420 


Stress Conditions Top of Model Bottom of Model 
Effective stress, 250 kPa 280 kPa 
g, due to lead 
shot and model 
masses 
Le CES 


450 kPa 280 kPa 
Fes Sunset sin 





Average 









265 kPa 







Water pressure, u 
due to 0.58 m 
water head 










Total stress, a 365 kPa 










Y 


100 kPa 






Seepage stress, 
p, due to 
gradient 








Table B.1 Stress Conditions in 3m Centrifuge 
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FIGURE B.6 QUEEN'S 3m GEOTECHNICAL CENTRIFUGE 


3% 


SOLWYWddWY ONTTIAGOW AANI 


sjzaed furmous weabetp (q) 


1ITOA19S91 
Ajtoedeo 









ou013s snoazod 
9 oded 193117 


otdues joutl 


9tT3serd snoazod 


’ 
a Af Dr # (12 C.n 
GSES ks te fe 


ITOA19S91 


193eM 
4 OF ATOA19S91 


TIO UOOFIFS 03 


T L'A AHN9OI4A 


udezhojoud (re) 


32 





he | 
. | IT 


so & 4 


pi , L 





| 
KE 


PRE 


‘ 
LE LE stags 
, es 
/ 7 


Snes had 


GF IWwSIOGG (6 


4 é wat 4 


ec 


Appendix C Test Specification for Liner Leakage 
Control Testing in the 0.5m Centrifuge 
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Appendix C - Procedure for liner sample permeability testing 
in the 0.5m radius centrifuge 


The following steps are employed in carrying out a liner 
sample permeability test in the small centrifuge which has an 
operating radius of 0.35m between the water reservoir (at 
r=0m) and the top of the sample (at r=0.35m): 


Step 1 - two samples are mounted in the two liner permeability 
test apparatuses either (a) directly from bench tests 
as shown on Figure B.3 or (b) compacted with a 
surcharge loading! as shown in Figure B.7. The masses 
of the containers are obtained and mass is added, as 
needed, to balance the two packages. 


Step 2 - the oil and water reservoirs in the centrifuge are 
filled and connections are made to the apparatuses as 
they are installed. Valves to the samples are closed at 
this stage. 


Step 3 - the central air bladder, which is connected to the 
Silicon oil reservoir, is inflated to the desired 
pressure (40 kPa to 60 kPa). The oil valves and water 
valves are opened to the sample test apparatuses. 


Step 4 - the centrifuge is accelerated to the required speed 
(usually between 300 and 500 rpm) to provide a scale 
factor between 40 and 112 and is run for 1 hour or 2 
hours depending on the expected permeability and 
duration of test, as shown on Table C.1. Figure C.1 is 
a typical data entry sheet. 


Step 5 - the centrifuge is stopped and the mass of the water 
in the catchment containers is determined. Reservoir 
levels are checked. A permeability estimate is made 
from this result. 


Step 6 - the catchment containers are replaced and the 
centrifuge is run continuously at the same speed for 
the required duration (usually 2 to 24 hours), as 
determined from Table C.1 and checked by the result in 
Step 5. For example, with a low permeability of k = 5 
x 10719 m/s a test could be run at 450 RPM for 10 hours 
to give a total mass transfer (flow) of about 20 cc of 
water. Temperature readings are checked during this 
time period to obtain the average temperature for the 
test run. 





L. The surcharge load is designed to simulate the stress applied to the liner 
by overlying landfill materials in the prototype situation. Contaminants 
can be included in this surcharge to evaluate their effects on the liner 
performance. 
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Step 7 - the catchment containers are retrieved for water mass 
determinations and the samples are removed for phase 
‘determinations. 


Step 8 - the sample permeability is calculated as outlined in 





Table C.2. 
Centrifuge Induced expected flow rate ec/hr For 
speed hydraulic Le 3 ss 
RPM’ == "gradient KS hOB je 10 m/s k = 10 m/s 
300 165 17 a 7 O7 
350 223 22 202 0.22 
400 2,94 30 3510 0310 
450 358 36 3516 036 
500 455 46 4.6 0.46 





Table C.1 Centrifuge Speed and Flow Rates 





Sample area = A = 28.3 cc; sample height = H = 5 cm 


Test speed = RPM ; gradient i = 6.717 x 107% (RPM) 2 
981 (H) 


Test duration = t hr ; total mass transfer (flow) = Q cc 


Permeability coefficient = _Q/t cm/hr (divide by 3.6 X 107° to obtain 
TA 


m/s). Multiply by the relevant temperature coefficient from Table C.3 to 


obtain corrected permeability. 


Example: i 455,0 = 25"ce | t-= 10 hours, A1 — 27°C° (To = 10 RE 


k 1.94 X 10°* cm/hr = 5.4 X 10729 as 


Il 
Il 


(25/10)/(455) 28.3 


K corr. = 5.4 X 10779 m/s (0.85) = 4.6 X 1071 m/s 


Table C.2 Permeability Calculations 
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20 


30 


35 


a 


1.3012 
1.2650 
1.2301 
1.1968 
1.1651 
1.1347 
1.1056 
1.0774 
1.0507 
1.0248 
1.0000 
0.9761 
0.9531 
0.9311 
4).9097 
0.8893 
0.8694 
0.8502 
0.8318 
0.8139 
0.7967 
0.7801 
0.7641 
0.7486 
0.7334 
0.7189 


0.1 


1.2976 
1.2615 
1.2268 
1.1936 
1.1621 
1.1318 
1.1028 
10747 
1.0480 
1.0223 
0.9976 
0.9738 
0.9509 
0.9290 
0.9077 
0.8873 
0.8675 
0.8484 
0.8300 
0.8122 
0.7950 
0.7785 
0.7626 
0.7471 
0.7320 
0.7175 


Table C.3 


0.2 


1.2940 
1.2580 
1.2234 
1.1905 
1.1590 
1.1289 
1.0999 
1.0720 
1.0454 
1.0198 
0.9952 
0.9715 
0.9487 
0.9268 
0.9056 
0.8853 
0.8656 
0.8465 
0.8282 
O.8 105 
0.7934 
0.7769 
0.7610 
0.7456 
0.7305 
0.7161 


03 


1.2903 
1.2545 
1.2201 
1.1873 
1.1560 
1.1260 
1.0971 
1.0693 
1.0429 
1.0174 
0.9928 
0.9692 
0.9465 
0.9247 
0.9036 
0.8833 
0.8636 
0.8447 
0.8264 
0.8087 
0.7917 
0.7753 
0.7595 
0.7440 
0.7291 
0.7147 


0.4 


1.2867 
1.2510 
1.2168 
1.1841 
1.1529 
11231 
1.0943 
1.0667 
1.0403 
1.0149 
0.9904 
0.9669 
0.9443 
0.9225 
0.9015 
0.8813 
0.8617 
0.8428 
0.8246 
0.8070 
0.7901 
0.7737 
0.7579 
0.7425 
0.7276 
0.7133 


OSs 


1.2831 
1.2476 
e235 
1.1810 
1.1499 
1.1202 
1.0915 
1.0640 
1.0377 
1.0124 
0.988 1 
0.9646 
0.9421 
0.9204 
0.8995 
0.8794 
0.8598 
0.8410 
0.8229 
0.8053 
0.7884 
0.7721 
0.7564 
0.7410 
0.7262 
0.7120 


06 


1.2795 
1.2441 
1.2101 
11777 
1.1469 
].1172 
1.0887 
1.0613 
1.0351 
1.0099 
0.9857 
0.9623 
0.9399 
0.9183 
0.8975 
0.8774 
0.8579 
0.8392 
0.8211 
0.8036 
0.7867 
0.7705 
0.7548 
0.7395 
0.7247 
0.7106 


0.7 


12759 
1.2406 
1.2068 
1.1746 
1.1438 
1.1143 
1.0859 
1.0586 
1.0325 
1.0074 
0.9833 
0.9600 
0.9377 
0.9161 
0.8954 
0.8754 
0.8560 
0.8373 
0.8193 
0.8019 
0.7851 
0.7689 
0.7533 
0.7380 
0.7233 
0.7092 


Temperature Correction Factors 
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1.1408 
1.1114 
1.0803 
1.0560 
1.0300 
1.0050 
0.9809 
0.9577 
0.9355 
0.9140 
0.8934 
0.8734 
0.8540 
0.8355 
0.8175 
0.8001 
0.7834 
0.7673 
0.7517 
0.7364 
0.7218 
0.7078 





09 





1.2686 
1.2336 
1.2001 
1.1683 
1.1377 
1.1085 
1.0802 
1.0533 
1.0274 
1.0025 
0.9785 
0.9554 
0.9333 
0.9118 
0.9813 
0.8714 
0.8521 
0.8336 
0.8157 
0.7984 
0.7818 
0.7657 
0.7502 
0.7349 
0.7204 
0.7064 


QUEEN'S UNIVERSITY DEPARTMENT OF CIVIL ENGINEERING 
CENTRIFUGE PERMEABILITY TESTS Date 

Technician 
Centrifuge Operating Radius m 


Material Description: 





Sample height cm Tare g 
Sample area cm W+T g 
Sample volume ce D+T g 
Confining pressure kPa WW g 
Head pressure kPa W % 
Centrifuge Speed rpm Density g/ce 
AT Sample No 1 Sample No 2 
Time min mass transfer cc |t °C mass transfer cc} t °C 











SUMMARY: 

Centrifuge speed RPM Induced pressure kPa 
Temperature (avg.) Ne Time of test run hrs 
Quantity of flow: Sample 1 ec Sample 2 ec 


Coefficient of permeability m/s 
Temperature correction factor 
Corrected hydraulic conductivity m/s 


Figure C.1 - Data entry sheet for centrifuge 


permeability test 


37 


Appendix D Laboratory Data 
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ex 





DATE 


2 July 
9 July 
16 July 


23 July 


30 July 
6 August 
13 Aug. 
20 Aug. 
27 Aug. 
3 Sept. 
10 Sept. 
17 Sept. 
24 Sept. 
8 Oct. 
1SNOCC- 
220. 
29 (Oct. 


5 Nov. 


MONDAY 


TUESDAY 


FRIDAY 


Installation of equipment in laboratory 


Testing of bench equipment 


Bench KP 1/2 


Bench KP 3/4 


Bench KP 5/6 
Bench KP 7/8 


Bench KP 9/10 


No testing carried out during 


Retesting of bench equipment 


Bench KP11/12 
Bench KP13/14 
Bench KP15/16 


Prepare paper 


Cent KP 1/2 


Cent KP 3/4 


Cent KP 5/6 
Cent KP 7/8 


Cent KP 9/10 


Cent KP11/12 
Cent KP13/14 


Cent KP15/16 


Pour KP 1/2 
Pour KP 3/4 


Pour KP 5/6 


Pour KP 7/8 
Pour KP 9/10 
Clean lab. 


this week 


Pour KP11/12 
Pour KP13/14 


Pour KP15/16 


COMMENTS 


Samples soft 


Good samples 


Good samples 
Good samples 


Holidays 


Good samples 


Good samples 


END OF KP TEST SERIES 


for technical transfer conference 


43rd. Canadian Geotech. Conference 


Compact CC1/2 


Compact CC3/4 


Cent CC1/2 


Cent CC3/4 


Continue 


Continue 


Quebec City 
MC=30% 


MC=40% 


Laboratory equipment cleanup END OF CC TEST SERIES 


Prepare report for the Ministry of the 


Environment 


MOE PROJECT 1262 LABORATORY TESTING AND REPORTING SCHEDULES 
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QUEEN'S UNIVERSITY DEPARTMENT OF CIVIL ENGINEERING 


LABORATORY AND CENTRIFUGE Date Lc Jucy [9 Po 
PERMEABILITY TESTS Technician nr IDO 





Sample Number: Kee Oe 
Material Description: Cosy Cac ATED k POLLAN 

Sample height <> cm Tare 3-77 7e 1 
Sample area ZEN en W+T 26152 260.12 g 
Sample volume 441.5 «cc D+T : = i g 
Confining pressure <£<oO kPa WW — 7 :29.. 29 
Back pressure — kPa W if 1 % 
Head pressure EC kPa Density  |-%2 wa g/cc 





Bench tests: y sets pe 


Sample No 1 
inflow AV cc | 








i | 5.20 | 
geleee sre LT be bs 
CREER | eis) eas | et se! ES 











Base container: noie ab "un 2 

container mass *5.72 g D KE ig 

tare mass RS: & Sc Ten Cd 

mass transfer PERRET | EES 

Cp 

] = ae C27) 

Centrifuge Se 1k = 2G mie Fr Ne SR 2) 
AT Sample No 1 Sample No 2 
Time min inflowf AV cc | T ce anélow|) Av cet) (ese 
eo ees a Tea ee ey Le ep | eue oll aa ee 
i 1 = | MOS BS is 
este Lense | 699 [28 eve] ta lee] 
9D -I8 672) 3.687 x (974 ae = 7,65 kirIw/ys 


Permeability coeff: (Ils ES Carrie se) = Ai 2S\ in I m/s 


QUEEN'S UNIVERSITY DEPARTMENT OF CIVIL ENGINEERING 





LABORATORY AND CENTRIFUGE Date 23 {uly Jo 
PERMEABILITY TESTS Technician N 
Sample Number: KP 2/2 

Material Description: Con Si 9A 1S LIN 

Sample height S.> cm Tare As2 G2 g 
Sample area 2x3. cm7 W+T 2h. 17 g 
Sample volume (“1.5 cc D+T g 
Confining pressure 35 kPa WW = x SETS g 
Back pressure B= Pa W ET es MS + 
Head pressure Es kPa Density D Le ms g/icc 


CRTC N No “= 
inflow AV cc | T 


Cees a Pisre 
Es ae 2.2 oe 








Base container: Sample 1 Sample 2 
container mass SG g = Oe ee 
tare mass mise So Se q 
mass transfer PSG APTE UC 


Sample No 1 
inflowf AV cc 
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QUEEN'S UNIVERSITY DEPARTMENT OF CIVIL ENGINEERING 
LABORATORY AND CENTRIFUGE Date Bo jules Go 
PERMEABILITY TESTS Technician ave 


Sample Number: K > f 
Material Description: 


Sample height , > cm 
Sample area cm” 
Sample volume [YJ.S cc 
Confining pressure /od_ kPa 
Back pressure =a “KPa 
Head pressure Sa kPa 





Bench tests: 


Sample No 1 
inflow AV cc | 


jsug [wes Fous [seo [azo | dy 


eal ee Pee ET | 
W2s\35e4. hic | 756 |S P ask paee 
pete 422 RER JUG wie ieee 
(fiso |Ab Jo: 


Rice 





Base container: Sample 1 Samp 
container mass KE q C = g 
tare mass Trees Wee 09 
mass transfer OR GE | DOME Ci 


Mol LU. ==. = 2 RSS 
aes tests: fa-/?- (Ss Ak = AC Teg = LiKe Ale 0. ÿ3t 









Sample No 1 
inflowf AV cc 


————— Lis "7 FS = ee ee DAC TT. MR —— oe ee me me 


b ot 
ease) tr as EURE 


D: xl = ue. To 72 = NPA MS 
3.37 K197! (0.832) = [jh xia) mf 
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QUEEN'S UNIVERSITY DEPARTMENT OF CIVIL ENGINEERING 





LABORATORY AND CENTRIFUGE Date L Auo Je 
PERMEABILITY TESTS Technician see 

Sample Number: k A 7/5 

Material Description: CSN £a DATED Leu nl 

Sample height L,S cm Tare 4,59 Sitice <a 
Sample area ESSENCE ower 27s Jessy, g 
Sample volume JUIS ce D+T 214.8 EGY ¢ 
Confining pressure joc kPa WW CNE = g 
Back pressure —— kPa W 20.7 % 
Head pressure Sc kPa Density GEIS Dre g/cc 





Bench tests: 


inflow AV cc 


feo Lie Lite be a 
15:35] 155 || ce | 240 [25° | fos 
Bot lle 


[G6 SR2|<2 7S 










Base container: Sample 1 
container mass G.04 g 
tare mass if. Gat. So 
mass transfer kK 4 g 











es sia RER ys) = ae mis 
Permeability coeff: AR 34x10 0,39 GTX me 
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QUEEN'S UNIVERSITY DEPARTMENT OF CIVIL ENGINEERING 
f 

LABORATORY AND CENTRIFUGE Date \ XN 

PERMEABILITY TESTS Technician DO 


Sample Number: i S 
Material Description: — SOA ON 


Sample height 5,s cm Tare Gh 4o2 g 
Sample area ZX - CR W+T : 67-2/ g 
Sample volume cc D+T 27. XS Gi 
Confining pressure /ss_ kPa WW G-06 12:30 9 
Back pressure — kPa W ZAG 55 % 
Head pressure Es kPa. Density (iis [ie g/cc 


ate fesetie fie [ies | 
ass fige | 30e | | [ius slp eee ag 
ass [180 | 540 | 455 |1 | 245 | Aisa | 


cE Te Ea 
eg | oe ge ee es 
ee [aga) 2 21032 [| 
—_— 


Permeability coeff: 





Base container: ra 1 Sample 2 

container mass g 7£,92 q 

tare mass g Os.7- g 

mass transfer EE ; VA g G,9S g 
Sa ONE 
Centrifuge tests: h- = LE = es lus = la Me = 0,55 


Sample No 1 
AV ce 
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QUEEN'S UNIVERSITY DEPARTMENT OF CIVIL ENGINEERING 


LABORATORY AND CENTRIFUGE Date Mile 
PERMEABILITY TESTS Technician 








{ 
Sample Number: KY || \Z 2 | 
Material Description: Lond sui DATE AOLIN 
Sample height 5, > cm fare 54.9 Sah 9 
Sample area ANA en W+T K.b2 g 
Sample volume ya cc D+T [ite fe2A = Salt EC 
Confining pressure 2 kPa WW 7154 LSA G 
Back pressure ——— kPa W 2e ET % 
Head pressure 5a kPa Density /, 27 À Le c- 


Bench tests: = Z=° 








inflow AV ce | 


ea er oe € 


Se whee el ondes 2 Coke] SS —— 4 ee ee 





Base container: Sample 1 Sample 2 
à Glin mae 7 eZ 

container mass $C -3%3 g sins CC 
2 ns 

tare mass Flo VG TI | 
hore . a — 

mass transfer che Vg Anka PQ 








ZT 175 = — 2 = 
PER tests: a = 7: Por l/s BAS ee aed Te Te22.952 
Sample No 1 
sie AV ce 






EGE a = = pS omit 
Permeability coeff: (90352) 3.6 7y10° Sto, Net als 
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QUEEN'S UNIVERSITY DEPARTMENT OF CIVIL ENGINEERING 


/ 
LABORATORY AND CENTRIFUGE Date Lo - =) 
PERMEABILITY TESTS Technician 


Sample Number: KE \3 je At ce 
Material Description: Fe mt ee 








Sample height 5.2 cm 4,ol g 
Sample area SENTE 47799 9 
Sample volume [AIS cc ats g 
Confining pressure tcs kPa 65.1% g 
Back pressure aoe kPa W CZ Jil % 
Head pressure Sosa kPa Density iE KR [14 g/cc 


Bench tests: ris 2e 


ete 





Base container: ae 1 Sample 2 
, container mass Y& we Lag TRCAREMS 
11%? tare mass a C573 g 
lal) °mass transfer Tara ea g (ONE AG 
TT — 
ie ee tests: +. - Tan Ja-17*c lag ee ples = [,05| 


= em — ee ee a ae me me ae ce ee ee ——-—— pere Mi 






inflow 


= 1 7 














SE = AETIS 


EAST 
ns) M 2er 


3 GIxK Is 
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eT OEE SR, CSS ER OC ee, ee 


QUEEN'S UNIVERSITY DEPARTMENT OF CIVIL ENGINEERING 








LABORATORY AND CENTRIFUGE Date I7 Soc 
PERMEABILITY TESTS Technician 

/ 
Sample Number: | (\Sitiv psa cé) 2 
Material Description: Car Sah À anis 
Sample height 5.9 cm Tare 9.77 71e 
Sample area 27,2 cm7 W+T zal 4 Vl 
Sample volume HE ec D+T 194.¢4 is g 
Confining pressure /O kPa WW DATES Gar g 
Back pressure — kPa W 77.9 36,4 % 
Head pressure 5a kPa Density 13e [ea G/CC 


Bench tests: 


Sample No 1 
inflow AV cc | 7 inflow AV cc 


fae ete te 








Base container: Sample 1 Sample 2 
container mass 040g 74LE g 
tare mass HIS. 9 GS.7 g 
mass transfer may? Lg RER: 





BYLITE = 
ee tests: Dee WEBS vs = uh Saks EC 15 Te 1132 







=e TS = 55 
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QUEEN'S UNIVERSITY DEPARTMENT OF CIVIL ENGINEERING 


CENTRIFUGE PERMEABILITY TESTS Date 5 OC Q 
Technician 


Centrifuge Operating Radius CS m 


Material Description: CC Iz Compa ded QUE Si VA UE: 


Sample height S.o cm Tare +07 Le GS 
Sample area 2PSI CRE W+T J “2 g 
Sample volume I4q_ cc D+T 192 25 g 
Confining pressure (oo kPa WW 63-S/ 2D6Ze d 
Head pressure Jo. KPa W Al 30. % 
Centrifuge Speed SOS =pm Density ila A ge 


AT Sample No 1 










mass us ce mass transfer cc 


IN) = 


Peon us Lol 
ais | 
ha 6 rt  o%lis [lie opte) 
RE EE EE 2 
22:40) 11 [Ie ass | (5 [MA 
as ae ROC 


















SUMMARY: ‘a 
Centrifuge speed 300 RPM Induced pressure COR=MEEA 
Temperature (avg.) IG °C Time of test run hrs 


Quantity of flow: Sampler. FO: gS EC} Sample (a2) CE 
Coefficient of permeability 5.84x1e"!t m/s 


Temperature correction factor LES 
Corrected hydraulic conductivity ST m/s 
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QUEEN'S UNIVERSITY DEPARTMENT OF CIVIL ENGINEERING 


CENTRIFUGE PERMEABILITY TESTS Date AA oc] go 


Technician 
Centrifuge Operating Radius 6.35 m 


Material Description: ee 3/ Co Ae 


Sample height Be cm 
Sample area 2 Ke) cm 
Sample volume [4q cc 
Confining pressure [09 kPa 
Head pressure bo 


SA : 
Centrifuge Speed Zoo rpm Density /¥2 LES g/cc 





AT Sample No Sample No 2 
Time min mass a ce je 2c mass. transfer ce] °¢ 
, YS = [ge J ow 


inl 2eloge eas | ie 2.so| 
Î PA s | gr 

D Sea de due 
| 
a ae | | 


SUMMARY : 

Centrifuge speed Soo RPM Induced pressure eS o.S kPa 
Temperature (avg.) {5S 46 Time of test run (5.2 Sa7 05S 
Quantity of flow: Sample dis 77.0) cc; t Sample 2 RÉ LCE 
Coefficient of permeability ZT x [= m/s 
Temperature correction factor nS 

Corrected hydraulic conductivity 5 Ai fowl m/s 
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Appendix E - Ministry of the Environment 
Technology Transfer paper reference 
Mitchell, R.J. (1990) Accurate Control Testing for 
Clay Liner Permeability. In The Challenges for 
a New Decade, Edited by the Ontario Ministry of 
the Environment, Toronto. Vol.II, PPp- 456-463 


ABSTRACT 


Experience with commercial testing of clay liner samples for 
permeability evaluation has shown that standard laboratory 
permeability tests are subject to leakage problems which can 
effect the order of magnitude of the results. Furthermore, 
these tests typically take a week or more to complete and are, 
therefore, inadequate as field control tests. Physical 
modelling of various geo-environmental problems in 4a 
geotechnical centrifuge was initiated at Queen's University, 
Civil Engineering Department, in 1988 and it became apparent 
that the behaviour of clay liners was one of the problems for 
which centrifuge modelling was well suited. A dedicted 0.5m 
radius centrifuge was constructed, principally for long term 
behavioural studies of clay liners but which could also be 
used for control testing. This paper outlines recent research 
on the use of the 0.5m radius centrifuge for accurate control 
testing for clay liner permeability. 


The test results are presented in three phases. The fae Sit 
phase used commercial kaolin clay samples prepared by 
consolidation into a specially designed permeability 
apparatus. This apparatus was designed for both bench and 
centrifuge use and allowed a direct comparison of the two 
methods. The centrifuge method was found to be efficient and 
reliable. The second phase of this research used a highly 
impervious compacted clay liner material in the Queen's 
University 3m radius geotechnical centrifuge. A methodology 
for accurate clay liner control testing in the centrifuge 
was developed. The third phase of testing was carried out to 
examine some longer term permeability variations in compacted 
liners as a preliminary evaluation of the usefulness of the 
0.5m radius centrifuge for liner performance modelling. 


The results of this research demonstrate that a geotechnical 
centrifuge can be used to provide accurate control testing for 
clay liner permeability. The 0.5m radius centrifuge is 
relatively inexpensive and sufficiently mobile for field 
operations and can provide same day liner permeability results 
in most cases. 


INTRODUCTION 


A number of researchers and consultants have had experience 
with clay liner permeability testing in the laboratory and in 
the field and the general concensus appears to be that liner 
leakage testing is wrought with problems (see for examples, 
Chapuis (1990a), (19906); Quigley (1990); Mitchell (1990). 
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Leakage errors in the testing apparatus and the long time 
required to obtain a satisfactory test result are the two 
major concerns in laboratory control testing. Field testing is 
not useful torvhydraulic“conductivities. less than 10° m/s. A 
geotechnical centrifuge offers an alternative, relatively 
rapid and problem free method of evaluating clay liner 
leakage. A major problem with the specification of centrifuge 
models as a primary means of commercial liner permeability 
testing is the limited availability of geotechnical 
centrifuges. To alleviate this problem, the author has 
developed a 0.5m radius centrifuge for mobile testing. This 
paper presents the results of liner leakage testing carried 
out in this centrifuge. 


The research is divided into three phases. Phase 1 research 
Was, econaucted , an fhe O.5m: ypadius,. centrifuge - using ra 
consolidated commercial white kaolin clay which was mixed at 
100% water content (by dry weight) and consolidated into the 
permeability -testing apparatus. The purpose of phase 1 
research was to carry out a sufficient number of bench 
permeability and centrifuge permeability tests on saturated 
uniform clay to determine whether the two methods give 
Similar results. Phase 2 research was carried out in the 3m 
radius centrifuge. The purpose of phase 2 research was to 
compare the results of triaxial permeability tests on a 
relatively impervious compacted clay to liner leakage model 
testing in a moderate sized geotechnical centrifuge. Phase 3 
research used the same compacted clay at various moisture 
contents to carry out a preliminary evaluation of the 0.5m 
radius centrifuge for use in evaluation of the long term field 
performance of clay liners and was in progress at the time of 
Whiting of ‘this paper. 


A prototype clay liner will be overlain by landfill materials 
which may become saturated with liquids and, over a long 
period of time, liner leakage may occur. This worse case 
condition: (or "Many isotherms operational condition) can be 
modelled in a geotechnical centrifuge. Such centrifuges have 
been used world-wide for geotechnical physical model testing 
for the past two decades and are recently being used for 
research into other civil engineering problems, including 
environmental engineering problems. In its simplicity, the 
centrifuge simulates gravitational forces by induced 
centripetal forces so that a small model may experience 
prototype stresses and prototype flow and fracture phenomenon. 
The induced simulated gravity is given by 


eer)" ig (1) 


where À is the liner scale factor, r and ij are the centrifuge 
radius and speed, respectively, and g is the earth's 
gravitational constant. For a detailed review of geotechnical 
centrifuge applications, the reader is referred to Schofield 
(1980). 


Sel 


The total and effective stresses at all similar points in the 
model and prototype liners will be identical but the hydraulic 
gradient across the model liner will be increased by the 
modelling scale factor. If, for example, a prototype liner of 
2m thickness is supporting an overlying 20m head of water, 
the, hydraulic gradient is20r9 Tf .a modely is designed “ae a 


scale factor of À = 35, the 57mm thick model would then have 
an hydraulic gradient of 350 and one day of testing in the 
centrifuge at À = 35 would produce ue days, or 3.35 years of 


prototype per unit area leakage. In fine grained soils Darcy's 
Law is considered to be applicable over a wide range of 
gradients (Goodings, 1985). 


TEST METHODS 


Most methods of measuring permeability of soils involve 
potential variations and errors. Variations develop in the 
preparation of most soil samples and errors result from 
equipment leakages. To carry out a meaningful statistical 
evaluation of the centrifuge method of clay liner permeability 
testing it was necessary to develop a leak-proof apparatus in 
which both bench and centrifuge permeability tests could be 
carried out under similar conditions on the same samples of 
a uniform and reproducable clay soil. A saturated consolidated 
commercial kaolin clay was selected, due to both uniformity 
and order of magnitude of permeability, as the most 
suitable clay material. Clay samples for bench permeability 
testing were preconsolidated to 250 kPa. During a test the 
sample is surrounded by a silicon rubber membrane and a 
Silicon o1l pressure ‘seal “ofs-100 © kPa. - to . prevene any 
possibility of leakage. The hydraulic head applied across the 
50mm thick sample was 50 kPa, creating a nominal gradient of 
102 and a seepage pressure of about 50 kPa. Over a three month 
test period a total of 16 independent tests were carried out. 


The phase 1 samples remained in the permeability apparatus 
during transfer from bench to centrifuge and the boundary 
stress conditions were similar in each test. The centrifuge 
induced hydraulic gradient across the sample, however, is 163 
and the seepage pressure is 80 kPa. Thus the flow rate in the 
centrifuge is about 1.6 times faster than in the bench test. 
Never-the-less, the test conditions in both methods are 
considered closely similar. The test time in the centrifuge 
was about 3 to 4 hours compared with 6 to 8 hours in the bench 
tests. The mass of water in the catchment container was 
measured after one hour of spinning and again at the end of 
the test. The one hour check point served the purpose of 
determining whether any consolidation or other "initial 
phenomenon" were taking place in the centrifuge. In most cases 
the N hour mass transfer was very close to N times the one 
hour mass transfer. 


In order to compare centrifuge leakage models with triaxial 
permeability testing, phase 2 testing included double 
membrane, back pressured triaxial permeability tests on a 
local illite clay material. A standard Proctor compaction test 
on this clay gave 4 maximum dry density Gt, liao? .g/ce el an 
optimum water content. of 35-25%. The material was stored at 
this water content and was subjected to standard Proctor 
compaction to form samples which were subsequently trimmed for 
permeability testing. After testing the used materials were 
remixed with the original batch and stored for further 
testing. Two triaxial cells with back pressured systems 
(Bishop & Henkel, 1962) were newly assembled, platens were 
polished and leakage testing of the systems was carried out 
before the permeability testing was begun. in, total. Six 
acceptable tests were carried out over a two month period. 
This is an average of less than two tests per cell-month, 


mainly because the system required considerable attention and 
repair during that time period. 


The Queen's 3m radius centrifuge is described by Mitchell 
(1986) and Figure 1 shows the apparatus developed for liner 
modelling. The liner model is nominally 50mm thick, and is 
trimmed to fit snuggly in a double thickness membrane encased 
perspex ring. The overlying landfill materials are simulated 
by a known mass of lead shot overlying a porous plastic disk 
placed on the top of the liner model. Double thickness filter 
paper and a porous stone underly the model. Stand pipe 
arrangements are used to create the water pressure and the 
confining pressure, which both increase as the simulated 
gravitational force increases in fiaght..,L2b¢ confining 
pressure is maintained at 35 kPa above the water pressure in 
order to effect a tight contact between the liner model and 
the rubber membrane. Phase 2 testing was carried out at à 
Scale, raccor ior 1 = 35 with the model representing a 171 
thick prototype liner. The centrifuge induced hydraulic 
gradient was 420. 


TEST RESULTS 


The phase 1 test data is summarized on Table 1. It can be 
noted that the earliest samples, KP 1 to 4 showed relatively 
high permeabilities because the preconsolidation pressure was 
below the desired level of 250 kPa. These samples also gave 
apparent permeabilities from the centrifuge method which 
Bre 1.3 to.i%8 times higher than in the bench test. This is 
due, no doubc, to consolidation under the simulated 
gravitational stresses induced in the centrifuge. Tnisths Case 
the effective vertical stress is given by 


gg. = (ZOKy FL Leen) SJ (2) 
where z is the sample thickness, g is the gravitational 


constant, © is the sample density, is the scale factor 
Ca ae soe one induced hydraulic gradient and OW is the 
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density of water 


The value of CE in the centrifuge model is then calculated to 
be about 120 KPa. The applied confining stress in the early 
test was 80 kPa and this would also have contributed to sample 
consolidation. Subsequent samples were all consolidated to a 
vertical effective stress, ast, of 250 kPa and a confining 
stress of 100 kPa was used in subsequent tests. It can be seen 
from Table 1 that subsequent tests (samples KP5 to KP16) 
provided a fairly consistent set of permeability data. All 
test data was plotted to obtain the best fit slope of the 
volume change vs. time line from which the permeability was 
calculted. The data on Table 1 clearly shows that the 0.5m 
centrifuge can be used effectively and efficiently to evaluate 
the permeability coefficient (hydraulic conductivity) of a 
consolidated clay material. 


The results of the phase 2 triaxial permeability testing are 
contained in Table 2. All samples for which results are 
tabulated were back pressured to 300 kPa and subjected to an 
hydraulic gradient of 40. This laboratory testing was carried 
out at 20°C. From the data it is estimated that the mean 
permeability value is close to 2.3 X 1071! m/s with individual 
test values from 0.3 to 1.3 times the average value. For 
material evaluation, this data seems reasonably acceptable 
although the scatter is quite significant. 


Phase 2 liner leakage model tests were carried out over 
periods varying from five hours to ten hours. During some 
tests the centrifuge was stopped every two hours to check the 
mass transfer of water by weighing the catchment container 
(+0.005 g). Mass transfer quantities were in the order of 0.1 
g/hr and the variance found during the two hour interval tests 
was generally less than 20%. Table 3 shows the data from all 
of the centrifuge liner leakage model tests carried out. The 
average leakage rate, from the data on Table 3, is 0.10 cc/hr 
with a maximum individual test variance of 20% The water 
temperature in the centrifuge liner model apparatus increased 
0.5°C above the constant laboratory temperatures of 20°C 
during the first hour or two of spinning at 108 RPM and then 
remained constant throughout the remainder of the test. The 
calculated coefficient of permeability, from the average 
leakage rate is 2.2 x 10711 m/s. With standard temperature 
correction, the hydraulic conductivity is estimated to be 2.0 
Ko top> "ny s. Stas valuenis remarkably close to the average 
obtained from the triaxial permeability testing but the 
centrifuge data is more consistent than the triaxial data. 
This provides some confidence in individual liner control 
tests carried out by centrifuge modelling. 


The compacted liner samples used in phase 2 are more dense 
than the consolidated samples of phase 1 such that there 
would be no consolidation during centrifuge liner leakage 
model tests on compacted samples. 


CONCLUSIONS AND RECOMMENDATIONS 


From the test data reported, it is concluded the centrifuge 
model liner leakage testing gives more consistent results for 
a low permeability compacted soil than triaxial permeability 
testing. The latter testing is subject to both technical 
difriculties.cand, leakage” riskse ft[ sis! concluded) that. a 
centrifuge liner leakage model can provide realistic liner 
performance evaluation and that the hydraulic conductivity 
obtained from such a model will be closely similar to the 
average values found from good quality triaxial permeability 
testing. 


The main advantages of centrifuge liner leakage models over 
any permeability tests are: 

(1) Realistic modelling of stress conditions in the liner. 
(2) Elimination of leakage provides more consistent results. 
(3) Elimination of induced hydraulic fracturing. 

(4) Rapid evaluation for construction control testing. 

(5) Greater potential for modelling liner performance. 


A complete specification for accurate control testing for clay 
liner permeability using the 0.5m radius centrifuge has been 
prepared. This machine is relatively inexpensive and provides 
a one day control test result in most cases. It is recommended 
that the centrifuge method of liner leakage control testing be 
approved for use on liner clay liner construction projects. 
Further research on liner performance modelling is also 
recommended. 
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BENCH TEST CENTRIFUGE TEST 

Sample Saturated test hydraulic test hydraulic 
No density time conductivity time conductivit 

gificc min. m/s xX 10° min. m/s! LOS 
KP1 182 450 1.46 180 2165 
KP2 Sai 450 165 180 3-105 
KP3 1.84 810 1410 210 198 
KP4 1.88 810 1585 210 1373 
KP5 1 al: 480 eZ 240 ate abs: 
KP6 1790 480 105 240 ays eet 
KP7 195 420 0.96 180 106 
KP8 1787 420 1727 180 od 
KP9 190 420 1727 180 12277 
KP10 1.86 420 18 180 SAC, 
KP11 aL tsiy/ 450 WG Awl 240 1310 
KP12 192 450 IEEE (0) 240 ale al 
KP 153 1.88 1100 1.28 180 IN 25 
KP14 194 1100 LA 180 A2 
KPAES 1.86 465 LE 180 1.24 
KP16 1-89 465 qe 15 180 LG lt 


Table 1 - Phase 1 Test Results Summary 
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Test hydraulic 
Test Time conductivity 
No (days) m/s XI10u- 
LPTX2 9 323 
LPTX3 8 0.8 
LPTX4 7 0.9 
LPTX5 8 513 
LPTX6 12 SE 
Table 2 - Phase 2 Triaxial Tests 
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Run Hydraulic 

Model time conductivity 

No (hrs) (m/s X 10714) 
LPCM1 5 2% 0 
LPCM2 7 2:2 
LPCM3 8 232 
LPCM4 6 2-6 
LPCM5 10 1.8 
LPCM6 8 2-9 





Table 3 - Phase 2 Centrifuge Models 
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Figure 1 - Drawing of the Centrifuge Liner Model Apparatus 
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